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Abstract 

I review the recent progress on the perturbative QCD approach to exclu- 
sive B meson decays, discussing the comparison of collinear and factoriza- 
tions, the CP asymmetry in the —>■ tt+tt" decay, penguin enhancement, 
the branching ratio of the B^ — >■ D°7r° decay, and three-body nonleptonic 
decays. 

1 Introduction 

Both collinear and /cy factorizations are the fundamental tools of perturbative 
QCD (PQCD), where denotes parton transverse momenta. For inclusive 
processes, such as deeply inelastic scattering (DIS) of a hadron, collinear (fc-r) 
factorization applies when the process is measured at a large (small) Bjorken 
variable xb ^ (II) Hj il)- For exclusive processes, collinear factorization 
was developed in p, |^, |^, ^, in which a physical quantity is written as 
the convolution of a hard amplitude with hadron distribution amplitudes in 
parton momentum fractions x. In the inclusive case the range of a momentum 
fraction a; > is experimentally controllable. In the exclusive case the range 
of a momentum fraction is not controllable, and must be integrated over 
between and 1. Hence, one must deal with the end-point region with a small 
X. If a hard amplitude does not develop an end-point singularity, collinear 
factorization works. If such a singularity occurs, collinear factorization breaks 
down, and k^ factorization [y, should be employed. 

Based on the concepts of collinear and k^ factorizations, the PQCD |Tl| 
and QCD factorization (QCDF) ]12|] approaches to exclusive B meson decays 
have been developed, respectively. The soft-collinear effective theory is a sys- 

^ based on talks presented at Flavor Physics and CP Violation, Philadelphia, USA, 
May 2002, at the 3rd Workshop on Higher Luminosity B Factories, Kanagawa, Japan, 
Aug. 2002, and at Summer Institute 2002, Yamanashi, Japan, Aug. 2002 
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tematic framework for the study of collinear factorization [T^|. As applying 
collinear factorization to the semileptonic decay B iriu at large recoil, 
an end-point singularity from x —>■ was observed [|1^]. According to the 
above explanation, we conclude that exclusive B meson decays demand kr 
factorization |jl5|, |16|, [l^]- As shown in flSl, predictions for exclusive processes 
derived from fc^ factorization are gauge-invariant. In the PQCD approach 
the B — > hih2 decay amplitude is written as the convolution |jl9|, EOl |2l|, [22|, 



A 



^(6) 



^h2 



(1) 



where the six-quark amplitude H^^^ corresponds to the diagrams with a hard 
gluon emitted from the spectator quark [^, and S denotes the Sudakov 
factor. 

Once parton transverse momenta fcr are included [|15|, the end-point sin- 
gularities from small momentum fractions in exclusive B meson decays are 
smeared. The resummation of the resultant double logarithms asln^(P6), 
where P denotes the dominant light-cone component of a meson momen- 
tum, and b is the variable conjugate to kx, leads to a Sudakov form factor 
exp[— s(P, 6)]. This factor suppresses the long-distance contributions from 
the large b region with b ~ 1/A, where A = Mb — rrih, Mb {rrib) being the 
B meson (6 quark) mass, represents a soft scale. The suppression renders 
k"^ flowing into the hard amplitudes of 0{KMb)- The off-shellness of in- 
ternal particles then remain of 0{KMb) even in the end-point region, and 
the singularities are removed. Since the end-point singularities do not exist 

are not nec- 



T5|, H, H, m, the arbitrary cutoffs introduced in QCDF 0, |2] 
essary. Therefore, factorizable, nonfactorizable and annihilation amplitudes 
can be estimated in a more consistent way in PQCD than in QCDF. 



2 CP Asymmetries 

Phenomenological consequences for two-body nonleptonic B meson decays 
derived from collinear and fc-r factorizations are quite different. Here we 
mention only the predictions for the CP asymmetry in the B*^ tt^ti~ decay. 
According to the QCDF power counting rules |T^, ^ based on collinear 
factorization, the factorizable emission diagram gives the leading contribution 
of 0(ag), since the B ^ n form factor is not calculable. Because the leading 
contribution is real, the strong phase arises from the factorizable annihilation 
diagram, being of O(asmo/Ms), and from the vertex correction to the leading 
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diagram, being of 0{as)- For tuq/Mb slightly smaller than unity, the vertex 
correction is the leading source of strong phases. In factorization the power 
counting rules change ||2^. The factorizable emission diagram is calculable 
and of 0{as)- The factorizable annihilation diagram has the same power 
counting as in QCDF. The vertex correction becomes of 0(af). Therefore, 
the annihilation diagram contributes the leading strong phase. This is the 
reason the strong phases derived from PQCD and from QCDF are opposite 
in sign, and the former has a large magnitude. The detailed reason is referred 
to |2^. As a consequence of the different power counting rules, QCDF prefers 
a small and positive CP asymmetry Ctttt while PQCD prefers a large 
- -30% [[ 



34| . In the near future the two 
collinear and kx factorizations, 

m. 
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and negative C^tt 
approaches to exclusive B meson decays, 
could be distinguished by experiments |]35|, 



KK 37 and B 



Significant CP asymmetries are also expected in the B 
pK, LuK ||3^ decays. 



Kn Q, B 



The last two modes are especially 
sensititve to the annihilation contributions. It has been pointed out that 
contribution from intrinsic charms, one of the higher B meson Fock states, 
reduces the magnitude but does not flip the sign of the CP asymmetries in 
the B Kn decays. It implies that PQCD has caught the correct leading 
picture of exclusive B meson decays. 



3 Penguin Enhancement 

The leading factorizable contributions involve four-quark hard amplitudes 
in QCDF, but six-quark hard amplitudes in PQCD. This distinction also 
implies different characteristic scales in the two approaches: the former is 
characterized by m^, while the latter is characterized by the virtuality of 



internal particles of order y AMb ~ 1.5 GeV ||TT| , pO] , |3T[| . It has been known 



that to accommodate the B — > Kn and tttt data, penguin contributions 
must be large enough. In QCDF one relies on the chiral enhancement by 
increasng the chiral symmetry breaking scale to a large value rriQ ~ 3-4 GeV 
pn|. Because of the renormalization-group evolution effect of the Wilson 



coefficients, the lower hard scale leads to the dynamical penguin enhancement 
in PQCD. 

Whether the dynamical enhancement or the chiral enhancement is re- 
sponsible for the large B — ^ Kir branching ratios can be tested by measuring 
the B (pK modes [p8t |4T[| . In these modes penguin contributions domi- 
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nate, such that their branching ratios are insensitive to the variation of the 
unitarity angle 03. Because the meson is a vector meson, the mass mo is 
replaced by the physical mass ~ 1 GeV, and the chiral enhancement does 
not exist. If the branching ratios of the B — »• 0/^ decays are around 4 x 10~^ 
^ , the chiral enhancement may be essential for the penguin-dominated 
decay modes. If the branching ratios are around 10 x 10^^ as predicted in 
PQCD p8| , 0, the dynamical enhancement may be essential. However, it 
should be mentioned that the infrared cutoffs in QCDF have been assumed 
to be different in the B PP and VP decay amplitudes [^]. Introducing 



two independent sets of free parameters for the B PP and VP modes, 
the B — > (f)K branching ratios can be fit without increasing the B — > Kir 
branching ratios. Nevertheless, the B (pK branching ratios are enhanced 
by large annihilation contributions which seem to violate the QCDF 
power counting rules. 



4 B ^ DV 

The PQCD formalism for B D^*^ transitions has been developed P6| , 
which holds under the hierachy, 

Mb > M^{.) > A , (2) 

with M^(.) being the D^*^ meson mass. The relation Mb 3> M^(,) justifies 
perturbative evaluation of the B ^ D^*^ form factors at large recoil and the 
definition of light-cone D^*^ meson wave functions. The relation M^^,) 3> A 
justifies the power expansion in the parameter A/M^(*). We have calcu- 
lated the B — s> D^*^ form factors as double expansions in M^im/Mb and in 
A/Mj^(t), and found that the leading PQCD factorization formulas respect 
the heavy-quark symmetry. 



Based on the power counting rules constructed in it can be shown 
that the relative importance of the different topologies of diagrams for the 
B Dtt decays is given by 

emission : nonfactorizable = 1 : — — , (3) 

Mb' ^ ^ 

which approaches 1 : A /Mb as the D meson mass M^ reduces to the pion 
mass of 0(A). Since the factorizable and nonfactorizable diagrams contribute 
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to the parameters Oi and 02 in PQCD, respectively, the ratio |a2|/ai ~ 0.5 is 
obtained. Moreover, the imaginary nonfactorizable amphtudes determine the 
relative phase of the factorizable and nonfactorizable contributions, which is 



about —57°. The PQCD predictions for the B — > Dtt branching ratios |^ 

B{B~ D°n~) ~ 5.5 x 10"^ , 
B{B^ ~ 2.8 X 10"^ , 



B{B^ D%'') ~ 2.6 X 10"* , (4) 

are consistent with the experimental data, including those recently observed 
for the Bd ^ D^*^'^7i'^ decay [|8|, ||, 0. Hence, we are not convinced by 
the conclusion drawn from the factorization assumption that the B D^ir^ 



data hint large final-state interaction |51, 52, E3l p4| (see also pq 



5 Three-body Decays 



Three-body nonleptonic B meson decays have been observed recently |5^, |57 . 
Viewing the experimental progress, it is urgent to construct a reliable frame- 
work for these modes. Motivated by its theoretical self-consistency and phe- 
nomenological success, we have generalized PQCD to three-body nonleptonic 
B meson decays |^8[. A direct evaluation of the hard amplitudes, which con- 



tain two virtual gluons at lowest order, is, on one hand, not practical due 
to the enormous number of diagrams. On the other hand, the region with 
the two gluons being hard simultaneously is power-suppressed and not im- 
portant. Therefore, a new input is necessary in order to catch dominant 
contributions to three-body decays in a simple manner. The idea is to intro- 
duce two-meson distribution amplitudes |^9[, by means of which the anal- 



ysis is simplified into the one for two-body decays (number of diagrams is 
greatly reduced). Both nonresonant contributions and resonant contribu- 
tions through two-body channels can be included. Moreover, the application 
of this formalism to three-body baryonic decays |Q is straightforward. 



Here we pick up the leading term in the complete Gegenbauer expansion 
of the two-pion distribution amplitudes $(z,C,w^) [pQ] : 



^sA^,C,w') = ^-^^z{l-z), (5) 
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where the subscripts v, s and t stand for the vector, scalar and tensor com- 
ponents, respectively. The variable z {() is the parton (pion) momentum 
fraction, and F-i^^s^tiw"^) the time-like pion electromagnetic, scalar and tensor 
form factors with -FV,s,t(0) = 1. That is, the two-pion distribution amplitudes 
are normalized to the time-like form factors. 

To calculate the nonresonant contribution, we propose the parametriza- 
tion, 

^rH-^) = ^^, Flj\w-) = 37"^' , , (6) 
_l_ jYi'!. _|_ ■rriom'^ 

where the the parameter m = 1 GeV is determined by the fit to the exper- 
imental data Mj/^|F^(M]/^)p ~ 0.9 GeV^ Q, Mj/^ being the J/^p meson 



mass. To calculate the resonant contribution, we parametrize it into the 
time-like form factors. 



W 



with My (Fy) being the mass (width) of the resonance meson V . The sub- 
traction term renders Eq. (|^) exhibit the features of resonant contributions: 
the normalization Fj'')(0) = and the asymptotic behavior Fj^^^w"^) ~ ^/w^, 
which decreases at large w faster than the nonresonant parametrization in 
Eq. (^). Equation (|^) is motivated by the pion time- like form factor measured 
at the p resonance p2[ . 

For the B+ p^{770)K+ and B+ fo{980)K+ channels, we choose 
Fp = 150 MeV and F/(, = 50 MeV |6^. The nonresonant contribution 
0.61 X 10^^ to the K^tt^ti^ branching ratio is obtained. Our results 

1.8 X 10^^ and 13.2 x 10^^ are consistent with the measured three-body 
decay branching ratios through the B~^ —>■ p{770)K~^ and B~^ —>■ fQ{980)K~^ 
channels, < 12 x 10"*^ and {9.Qtlit\itli) x 10"^ |6|, respectively. Since the 
/o width has a large uncertainty, we also consider Fj^, = 60 MeV, and the 
branching ratio reduces to 10.5 x 10~^. The resonant contributions from the 
other channels can be analyzed in a similar way. For example, the i^*(892) 
resonance can be included into the K-n form factors by choosing the width 
F;^* = 50 MeV. 



6 



6 Conclusion 



I have briefly reviewed the PQCD approach to two-body nonleptonic B meson 
decays. This approach is based on the rigorous fcr factorization theorem, in 
which both meson wave functions and hard amphtudes can be constructed 
in a gauge-invariant way. The predictions for the branching ratios and the 
CP asymmetries of varous modes are in agreement with the experimental 
data [0. The B —>■ Krj' data are an exception, which may indicate a 



significant gluon content of the rj' meson |66[. The charm penguin 

contribution could be significant, and requires more investigation |68 . 
The generalization to three-body nonleptonic decays seem to be successful. 
In the future we shall work out the next-to-leading-order and next-to-leading- 
power corrections, which are expected to be more essentail for the B — > vrvr 
decays. 

I thank members in the PQCD working group for useful discussions. The 
work was supported in part by the National Science Council of R.O.C. under 
the Grant No. NSC-91-2112-M-001-053, by the National Center for Theoret- 
ical Science of R.O.C, and by Theory Group of KEK, Japan. 
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